


medium. The importance of trapped space charge has been proposed by several

authorss-lo. Hayakawa and Wada7 have examined the contribution of trapped

charge where there are mechanical heterogenieties present, and Crosmier et.al.ll 3
have éhown that trapped charge does lead to measureable piezoelectric activity.
Hayakawa and Wada have considered several mechanisms in a recent review article7
\ and Oshiki and Fukada a have considered electrostriction effects.
So far, models for piezoelectricity and pyroelectricity are fragmentary.
This paper pulls together available information on the microscopic structure of
PVDF in order to make a relatively complete but simple and realistic model. The
response of the model is calculated from physically measureable parameters and
the results compared to published data. The calculated response contains contri-
_ butions from dimensional changes, dipole orientational fluctuations, electro-

striction and space charge and accounts for most of the ohserved response.

Microscooic Details of PVDF >

PVDF crystallizes’ from the melt into spherulitic structure%? Tigure 1 is a i
photomicrograpn of a nelt-crystallized PVDF film taken between crossed polaroids.
The volume fraction of crystalline material is typically about 50% depending on

thermal historyl4. Most of the uncrystallized molecules ara in a metastable

supercooled liquid phase. The glass transition temperaturs for this liquid phase
is around -50°C from volume15 and dielectric datalé’l73183ased on similarities
4 in molecular structure and phiase behavior between PVDF and ths much z—ora widely studia

polyethylene19 we can assume similar spherulitic structures, as shown in Fig. 2.

] That is, the spherulites consist of stacks of lamellae which grow outward from the
: 14
1 center of the spherulite. These lamellae are typically 10 to 20 nm thick ,
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m, = (e +2) uJ (6)/3+q2 ]cos 8 (10)

Total Moment for a Disversion of Lamellar Crystals

If one extends the above single crystal result (19) to a film sample
containing a dispersion of lamellar crystals of the same kind but varying in
number of dipoles, n, mean orientation, 30, and countercharge, q, then.we can

write the moment for the entire sample as

M = Z m = [N(ec + 2)u°J°(¢°)/3-+é% zc] <cos 6°> (11)

where for a large number of crystals containing a total of N dipoles, N = In

over all crystals, & = Iq over all crystals and

T :
<cos 9°> = L n(eo) cos 60 deol J: n(eo) dBo (12)

is the average cos 80, and n(ao) is the number of dipoles having an orientation
between & and 8 + dé_.
o o o
The charge per unit electrode area As induced by MS on electrodes in intimate

contact with a sample film of PVDF is given by
QS/AS = Ms/zsAs =P (13)

where zs is the thickness and Ps is the total polarization of the sample. Thus

the charge on the electrodes induced by Ms is

Q = [N(ec + 2)u030(¢°)/3 +9»ch <cos e°>/zs (14)




Calculation of the Piezocelectric and Pvroelectric Coefficients

Although rigorously speaking the piezoelectric and pyroelectric coefficients
are defined as derivatives of the electric displacement (or equivalently the
polarization under short circuit conditions), in practice one usually adopts

the definitioms,

s
dp = A dQ/dp (152)

for the hydrostatic piezoelectric coefficient, and

o =k
2, = A dq_/dT (15b)

for the pyroelectric coefficient, where p and T are the pressure and temperature
respectively. These definitions give the commonly measured quantities. To
calculate these for the present model we merely take derivatives of Eq. (14)

using the relatiounships given in more detail previously.

aec/ax == (e, - 1)(ac'+ 2) [3(1n vc)/ax]/s

aJo(¢°)/ax =~ Jy (¢°) a¢o/ax

36,/3p = ¢_ ¥ 3(Iln v_/3p) o
30,/3T = ¢_/2T + ¢_ v 3(ln v )/3T

38 /3% = [3(Im 2 )/3(Ia v )]13(ln v )/3X

38 /3% = [3(la 2,)/3(1n v )]3(1a v )/3X

where X equals either temperature, T, or pressure, p, Ve is the crystal volume,
3(1n vc)/aT is the thermal coefficient of volume expansionm, . and 3(1n v_)/3p
o)/t

the volume compressibility, Sc, Jl(¢o) is a first order Bessel function of the

R ot :
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first kind, and v = 3(ln w)/3(1n vc) is the Gruneisen coefficient for dipole
librational frequency w. In the above, partial derivatives with respect to T
are at constant p and those with respect to p are at comstant T. To simpli.

the calculation we assume the number of dipoles, N, their vacuum moment, oo

and the couutetcharge,a , and the crystal orientations, cos 80 do not change
with pressure and temperature, and we consider changes in the obvious variables,
ec, Jo,lc and zs only.

For the case of no countercharge at the crystal liquid interface,

2
dP = Po Bc[(ec -1)/3 + ¢° vy/2 + 3(ln ls)/aln Vc] (17a)

p, = =P, ol - 1/3+ 8¢+ @r)™h

v /2 + 3(la ls)/a(ln vc)] (17v)

and for the case of complete neutralization of dipole charge by countercharge

at the crystal-liquid interfaces

d =P B [(c - 1)/3+ 4> v/2+3(la 2 )/31n v )] (18a)

P, == B al(e - 1/3+2¢r + 21a)™h

» /2 + 3(1n 2c)/3(ln vc)] (18b)

In both cases above,

Po = ¢(sc +2) N My Jo (¢°) <cos 9°>/3Vc (19)

where ¢ = Vc/vs is the volume fraction of crystals, N/Vc the number of dipoles

per unit crystal volume, and for small values of by
8572 o 8, 3, (4013 (4) (20)
o o 1 Q o'To

Note that the only distinction between the above equations f£or no and full

countercharge is that zs appearing in eqs.(l7) becomes 1c in the corresponding

eqs. (18).
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Comparison with Experiment

bt . = a - TR PRI ———

Eqs. (17) and (18) can be evaluated using reasonable values for the experi-

30 31 are from x-ray data

mental quantities as listed in Table I. The 2. and Sc
on & phase PVDF. These values should be a little less for the slightly denser
8 phase of interest here.
‘The partial derivatives of the crystal length zc, in the crystal polar-

ization direction (b axis in the 8 phase) are taken as ac/Z and BC/Z basead on
negligible expansion along the molecular ax1532 (c axdis in the 8 phase). The
partial derivatives of the sample thickness, ls’ are also taken as 1/2 the corresponding
bulk sample expansion coefficient, as/Z and compressibility, 85/2.

The Gruneisen parameter y giving the volume dependence of the librational
frequencies ‘should be an average over all librational mode.frequencies each
weighted according to it's corresponding librational amplitude. It is estimated
here to be that typically computed from the modulus for linear polymers.32
The rms librational amplitude is estimated from data on polyethylene33 and is
close to the value found for (CHZ-CHCI) dipoles in polyvinylchloride below
the glass transition temperature.2 The room temperature €. is estimated from
low temperature dielectric data where the reorientational contribution from the
liquid is absent. P° can be measured directly23’24, and its maximum value can
be estimated from Eq.(19). The orientation function <cos 6°>, however, is not
measureable directly by known techniques. Both NMR and IR measurements yield

2

<cos 8°> and x-ray data cannot distinguish between two crystals if one is

rotated by 7 radians with respect to the other. Kepler34 analyzed x-ray data




on polarized PVDF by assuming a distribution function, n(eo) = exp (aF cos 50),
where F is the polarizing electric field. In the general case, however, we are
unable to calculate Po in Eq.(17c), and must use measured values of Po to
calculate dp and py. Fortunately one can measure Po by measuring the charge

needed to polarize a specimen23’24

or by measuring the charge raleased while
{ the specimen is heated above its crystal melting tempera:ure35. The experimental
values used to check the theory are shown in Table 1. Table II gives calculated

and experimental quantities and shows the contribution due to various sources.

Sources of Uncertainty

Table IT summarizes the predicted contributions from Eqs.(l7) and (18)

using the values from Table I. The calculation of dp/Po and py/Po are probably
no better than 20% due to uncertainty in experimental values used. The agreement
with experiment is better for the case of very little countercharge. The question
of the extent of countercharge depends on the concentration of charge carriers
; present which is not known at present. The assumption that the charge,é% g
remains constant seems reasonable in the light of our discussion of the Maxwell
time constant and the absence of observed time effects with PVDF. If the dipole
moment, Moo changed, one would expect it to get smaller with pressure and
larger with temperature, which is opposite the other contributioms.

Kepler and Anderson36 have proposed that reversible temperature dependent
! crystallinity is.responsible for much of the pyroelectricity in PVDF. One
| might suppose that N changes by virtue of such a reversible pressure and tempera- 4
ture debendenc crystallization of dipole units. That is, if the pressure is in- |

creasad or the temperature decreased there could be a slight increase in the number of
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repeat units associated with the crystal. A significant contribution to the
response could occur if only one in every 10& repeat units crystallized or
melted per degree or per 106 N/m2 (10 atmospheres) change in temperature or
pressure. So small a change is difficult to measure by other techniques and
this possibility remains speculative.

The temperature and pressure dependences of dp and py can be found

by taking derivatives of Eqs. (17) and (18). These derivatives are

T ——

cumbersome and hard-to-measure quantities (eg. y and zc). Thus it is

e A

simpler to evaluate dp and py at various temperatures and pressures by
using the required measured quantities determined at those same temperatures
and pressures. In the glass trénsition region near - 40°C the change in
sample and crystal volumes, for example, will be especially dependent on
temperature and pressure. Fractional changes in Py of about 10" KT are

39,40

generally reported at room temperature and a more careful evaluation

of the experimental qﬁautities in Eqs. (17) and (18) as functions of

temperature and pressure is underwayal.

The difference in activity between B phase and postulated polar a
phase material will probably not_be large. On the one hand, the dipole
moment per monomer perpendicular to the molecular chain is smaller for

28

the a phase (4x10-2 Cem versus 7x10 “° Ccm for the 8 phase). Compensating

for this are an increased expansion coefficient and compressibility for
the o phaseAI.

The dependence of dp and py on poling conditions is, by the present

model, due solely to the dependence of Po (Eq(19)) on poling counditioms.

In the present paper we calculate dp and py for any value (measured) of i
Po. The dependence of Po on the distribution of local electric fields

in the sample, the duration and temperature at which the poling voltage

is applied and the ionic impurity concentration and metal electrode-

datiat. affant the lacal fialde will be considered in .0m.rc ,yhmudi



At present, it seems there is little if any of the observed activity in

= ;

PVDF which cannot be accounted for by the simple classical mechanisms in the
present model. The model predicts that the ratio of plezoelectric to pyro-

electric response will be about 50 K cmZN_l in good agreement with experiment.

Implications for Applications

The maximum polarization from Eq.(19) is 20 uC/cm2 including the reaction
field contribution. Assuming the model is correct commonly produced oriented

22,50 and activity

films of PVDF have about 1/3 the maximum polarizatiom
obtainable with a single crystal. The activity could be increased either by
increasing the crystal fraction or by orienting the existing crystals better,
though it seems unlikely that presently achievable activity can be doubled
without destroying mechanical strength of the film. Also, minimizing counter-
charge by limitingAtharge carrier concentration maximizes activity as seen in
Table II. If countercharge is present, it is possible that an increase in the
conductivity by the addition of ioms can improve the coupling between crystal
and electrodes (resistive coupling rather than the capacitive coupling used in

this paper). We have not succeeded in calculating the possible enhancement from

a highly conductive sample, except in the case of non-uniformly polarized specimens.

- y . -




Table I

Experimental Values

Quantity Value Reference
T 300 K’ - \ 1
a L 30 i
B 1.1 x 107 %m2 31 i
a, 4.2 x 107 % T 30 1
3, 2.39 x 10 O 2 % 37
. ' 3 2 ¥
Y 5 8 37
% 16° . 33
® 0.5 14
Nu /v ¥ 12 x 107% en”? 38
4/, 9z 100" el 24
py/?o : 4x104 gt 23,24

%*
8 phase with 5% head-head defects in molecule.




Table II

Calculated Contributioms to Piezoeleetricity and Pyroelectricity in PVDF

Source of Response dp/Po(xlaﬁcmzN-l) py/Po(xlo-a K.l)

value (% of exp. total) value (% of exp. total)
Electrostriction 0.74 (37) 1.14 (28)
Dipole Fluctuations 0.21 (10) 0.98 (24)
Dimensional Changes in
zc (with countercharge) 0.55 (28) 0.85 (21) ;
zs (without countercharge) 1.2 (60) 2.1 (52)

Total Calculated Respomnse
(with countercharge) 1.50 (75) 2.97 (74)
. (without countercharge) 2.15 (107) 4.22 (106)
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

Figure Captions

Photomicrograph of a rapidly cooled melt of commercial

unoriented PVDF between crossed polaroids.

A schematic diagram of a spherulite and a detail of a
section emphasizing the lamellar structure of the

radiating branches.

A model of two configurations of a PVDF molecular segment.
The small black balls represent carbon atoms, the large

onesrepresent fluorine atoms and the white tips, hydrogen
atoms. Note both forms have a net dipole moment normal to

the long axis.

A schematic diagram of the unit cells as viewed along the
chain direction (a b projection) normally crystallized
from the two configurations of Figure 3. Forms I and III

(B and y) are polar and Farm II (a) is antipolar.

A schematic diagram showing dipole alignment and counter-

charge on a lamellar section of polar crystal. In this

paper we calculate the response from a preferentially aligned

array of such objects in a semicrystalline sample.
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